A method of calculating the fuzzy response of a system is presented. This method, called the
Introduction
in the future, the consideration of variability in design parameters and the calculation of reliability will be required for aerospace structures.
In the final stages of design it is clear that the evaluation of system reliability will require full probabilistic analysis.
However, probabilistic analyses are computationally expensive and there may not be enough information to use probabilistic methods to assess reliability early in the design cycle.
Hence, methods that require less information and yet can provide a measure of reliability are attractive for the early stages of design. Possibility theory, a variant of fuzzy set theory, is one method that does not require detailed statistical data and can be used to assess reliability (Ref. The function Z has a maximum value that occurs when y=2 and x takes on its maximum value. Thus to evaluate the membership function of Z the value of), corresponding to the extreme value of Z must be considered, as well as the bounds of each a-cut.
In Figure 6 the membership function of Z is shown. The solid line in Figure 6 is the membership function that is obtained when the internal extrema is considered. The dashed line in the figure is the result that would have been obtained if the internal extrema had not been considered.
To obtain the correct result the global extrema must be accounted for.
One method for handling extremum interior to the intervals on each a-cut woukl be to use the internal points from the a-cut levels above the current a-cut level. For example consider two membership functions discretized as the membership function shown in Figure   2 . The calculation of possibility at a=0.0 requires the evaluation of all the possible combinations of points from all a-cut levels. The combinations for each a-cut are shown in Table I . In Table 1 In this paper the BFGS algorithm is used (Refs. 7-10).
The procedure followed in the Optimized Vertex Method (OVM) is shown in Figure 8 failure is conservative with respect to probability of failure, in Reference 6 the authors showed that if the fuzzy membership function for a random variable is based on the mean and standard deviation of a probabilistic random variable, the possibility of failure 0.0 is one when the probability of failure is fifty-percent.
Possibility effectively implies a factor of safety of two for the analysis.
In the early stages of design this conservatism would certainly ensure performance, but could adversely effect the optimization of the weight of the structure.
In this paper a Bayesian approach was adopted to reduce the conservatism of possibility theory. In general when a Bayesian approach is adopted, expert knowledge is used to construct the probability density functions for the probabilistic analysis.
The selection of the type of the distribution, mean value, and standard deviation for a quantity is objective, rather than subjective.
In the possibility-based approach to reliability the fuzzy response of the system is used to create the probability density functions for the probabilistic analysis. First, the membership function of the system response is detennined using OVM. where Then, the fuzzy membership function for the system response is transformed into a probability density function.
A simple integration of is performed to obtain the probability of failure. A triangular fuzzy membership function is shown in Figure 9 . The equation lor this membership function is
a(x)= The PDF created from membership function is
The cumulative distribution is obtained by integrating Equation 4 .
The triangular PDF has a cumulative distribution that is given by
Given two fuzzy numbers, X and Y, the probability that X is greater than Y is calculated by transforming X and Y into PDFs and evaluating the integral expression ( Figure 10 )
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The response of the system is the total strainenergy release rate. Table 2 contains the parameters that define the bonded joint configuration and the randomness of the variables.
In Table 2 the yield stress and the critical strain-energy release rate (fracture toughness) are shown as random variables.
While these limit criteria, fracture toughness and yield stress, are random they are not needed for the determination of the system response. Hence, only eight random variables are used in the evaluation of the system response. Thickness, lap -in.
Length, strap -in.
Length, lap -in.
Thickness, adhesive -in.
Length, crack -in. In Figures 12 and 13 the response membership functions for the total strain-energy release rate are compared to the same result obtained in Reference 6. Figure 12 shows the results for the linear analysis and Figure 13 shows the result for the nonlinear analysis. To obtain the response membership functions 554 and 514 finite-element simulations were needed for the linear and nonlinear analyses, respectively. The sensitivity of the total strain-energy release rate to changes in the random variables is shown in Figures 14 and 15 . The derivative values are obtained directly from the optimization routine used in the calculation of the output membership function. They are obtained from a central difference calculation about the most likely value of the system response. They could also be shown for each point on the bounds of the response membership function. In this instance the sensitivity is defined as the derivative of the response with respect to the random variable multiplied by the standard deviation of that random variable. Note that these sensitivities can be used to determine the relative importance of modeling the randomness of the input parameters. The possibility of failure is determined by determining the possibility that the total strain-energy release rate is greater than the fracture toughness of the adhesive, Gx>G¢. In this case both the GT and Gc are fuzzy numbers.
To demonstrate the calculation of the possibility of failure, consider the two fuzzy numbers shown in Figure 16 . The possibility that X >Y is the point where the two membership functions cross. This point is shown as ct in Figure t6 . Once the most likely value of X is greater than the most likely value of Y, the possibility that X is greater than Y is unity. The probability of failure for the bonded joint was also calculated using the hybrid reliability methods discussed previously. The possibility and probability of failure for linear and nonlinear analysis of the bonded joint are shown for various loads in Figures 17 and 18 , respectively.
In these figures the probability of failure obtained in Reference 6 is included for comparison. As was shown in Reference 6, the possibility of failure for the bonded joint was conservative in comparison to the probability of failure (Figure 17 and 18). The possibility based hybrid approach obtained close correlation to the reliability solution from MCS. This result is somewhat artificial as the membership functions were constructed based on the mean and standard deviation used for probability density functions given in Reference 6. However, the fact that a good approximation was obtained may be useful for cases where a probabilistic analysis is not possible due to either lack of information or when time is critical.
The OVM approach may be appropriate for the early stages of design while a full reliability assessment using MCS should be conducted at the end of the design process. 
Concluding Remarks

